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DEVELOFrffiNfT  OF  PfiOCSCURES  FOR  RAPID  COMPUTATIOR 


OF  DYNAMIC  STRUCPJRAI  RESPONSS 


INTRi'kDUCriOS 


of  Pi'ogran 

Thla  jrosrna  la  con<:«-rned  pvtwarlly  vlth  the  behevlcr  of  ntruc- 
»';res,  atnicturAl  elcnents,  end  o^iplleixted  »j*e*bleges  of  eleaent*  sub- 
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wcted  to  the  dyn\ile  forces  «i.*l«lng  fts'i®  air  blast  or  ground  shack.  Thin 
‘■•havlor  In  neanured  by  deflertiod  or  »tre«*,  peraanent  defonaatlon,  damage, 

!  ■  *•  *  T-*  *.  •  *•  H.  * 

^  a*  »*  **‘*»*»»**  *•*•*•**•* 

•r  coUapae.  The  general  ob><tlvfla  arej  r. 

r  “ii-A"  ■> 

i'»  f.  .*•  i'- , 

1.  Development  of  charts  or  of  rapid  ''rule-of-thunb*  a<th>>ia 

f)r  the  prediction  of  critical  levels  of  blavt  Intensity  to  oroluc#  severe  r^'.T'.i"' . '< fv ') o^v' 

a  ^a  ^'a  •*«  •*.  •*.  • 

r  *•  'J*  *  •  *V  •  i*  •  a  • 

l-vaiije  or  eollapsie  of  (.prolflo  atmctnral  tvve*. 

t  . ,  s'’ s  .s' 

2.  Constru'jtlon  ’if  charts  o.‘  oi{M>r  icroc*.’dure3  for  the  rapid  deter- 

%•*  a*.  a****^v**»*a' 

n'.nstlon  of  the  vngnlttiile  uf  of  specific  structural  ly;es  to  varl-  ^ViwS’.l*,r 

•«J3  levels  of  Intensity  uf  V'tnol  or  »li.«’k. 

,v  ,•  V  •  *•  *  ^ 

.  •  'As.' 

3*  tw  »>r  of  predictloas  ’T  critical  W*Va‘.'a%N’.%V-*aN* 

'  ''.•cls  of  force,  or  of  mic.ritulo  *»f  in  terns  of  the  unccrtaintlee 

la  values  of  blf.at  p’^rivact-fn,  iitiv*  l«>rM  characteristics,  aal  jxaterlal  f#  #  # 

rea.*r»» 

f  .ir  xf.vter3 . 
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Si  i%\****  S^iS\s*lSi^;' 

t.  Survey  of  the  j  cicnt  .  f  Vnovlclge  relative  tj  those  **?^S*;S;\s5,vIs''t*;J;s*;' 

V  V 

tte=s  In  Objov'tlve  J  *bl»'l»  i*am.>  tii.'  ^rwatcjt  uncertainty  Is  the  predictions,  '*’*'2'»*v**x*'N*^ 

and  prepaxatlon  of  pl’in*  fir  rurllwc  st-^lv  .if  these  Items.  — - - r®" 

'  ■  ■  .5  1  .  . 

*  t  **m  •*  *•'■  *  ' 

5.  Devoloja-at  of  a-tlwla  >r  <’al> olatl:;a  suitable  for  the  accurate  * 

•.  ' 

solution  of  probl-as  i>f  d.'namU  rc'pmi*  .«i  o.csyllcatei  structures  using  •  ■.v'**'.  *•!*«■• ;  * 

%•  *  •  *,•  * 

hl^h  speel  auVvsatlc  tlfiV.al  ouwjaitrri,  jeeparation  of  codes  for  the  deter- 
alaat'.on  of  •lynao’.lc  r.'tip'.i’ie  of  Impirta-ni  classes  of  structures,  and  wfaert 
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iwv'*oit(vry,  calculation  o?  re»poa»#«  for  a  rwi»?«  of  values  of  structural  aid  ' 
bloat  ivarsmcters. 

f'.  Coordination  of  research  effort*  on  I  results  with  the  activities 
of  other  re.;earch  (jroui'S  vorkia*?  In  the  field  veapoas  effects. 


gcoiv? 


The  deterainatloa  cf  the-  ovar-pr«a*urv  level  required  to  gi-ve  a 


iipeclflr  oenunt  of  doffloge  to  a  i>irtlculor  »tructure  Is  conplicated,  due  isot 
oril^*  to  the  lr.aieiraate  knovle-lAc  of  loa-lln,?  fUil  resistance  but  also  the  lock 
of  aufriclent  time  for  a  thorou^hi  or  coarlete,  anal)*sls.  The  losllag  depends 
not  only  on  the  over- pres  sure  but  also  ujon  the  Individual  eleneats  of  the 
structure  which  may  or  may  njt  transmit  lial  to  the  malt  frame  depeailag  on 
their  Individual  properties.  Thus,  the  s':tual  lotidlng  curve  Is  likely  to 
vary  en-ntlcally  vlth  tine. 

Tins  fculsttonco  fVinetloti  Is  also  juh.’ect  to  numerous  uncertainties. 

The  iir>i-^rtlei;  of  the  materials  of  which  the  structure  is  made  vary  consider¬ 
ably  iJiv:c  the  type  of  fr-v«lnR,  atthOvi  of  ounnectlon,  rate  of  loadlr-g,  etc., 
each  affects  the  ovcr-uU  reaijtsace  of  the  structure. 

fhene  inherent  uncertainties  pr-ci'Mc  the  possibility  of  an  ’'exact* 
»u>alyalt;  thun,  certain  fllai  U;'>'ii\s  aj.U'ij'tton:  are  isecess-vry  an.1 
hblo.  In  general,  tirf*  live  loading  curve  ha*  been  replaced  with  a  trlvsgu- 
lor  lv)il  I’ul-'e  vlth  Of  wlth'it  concent r 5! tr  1  Icstulses.  Th?  true  resistance 
curve  h.a-i  tern  rtJ.'j'ro*tnatel  by  a  bilii.var  111001100  having  an  initial  elastic 
line  followei  by  a  ;>oc-'hl  ntraiglit  linn  for  .Usplaccat-nta  greater  than  tie 
yield  -li-iplaccacnt.  Tlic  neconl  line  maj  have  any  slope  depending  up-vi  th* 
reslatxr.ce  chwacUrlettc.  of  the  attai.-iure.  Using  these  slnpliiying 
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stuit«3  have  curled  oat  to  evwluete  the  errors  vMch  result  from  each 
of  Uf}.-.e  simplifying  assuaptlons  ^  to  aodliy  these  procedures  so  that  they 
vlll  yield  tlM  eaxlanm  feasible  accuracy  vlthout  'induly  conpllcatlng  the 
analysis. 

In  order  to  develop  aad  verify  the  simplified  methods  of  analysis^ 

It  has  been  necessary  to  solve  by  the  most  accurate  ne'Juds  available  a 
KsltlpUclty  of  problens,  thus  fotmlng  a  basis  for  the  evaluation  of  the 
various  siapllfted  procedures. 

The  previous  studies  of  this  preset  have  been  concerned  .primarily 
vith  the  coepllatlon  of  data  uslr^  accurate  analysis  procedures  on  the 
IXXIAS,  the  University  of  Illinois  auVesatlc  digital  cominter.  These  data 
have  been  pre*eate-l  In  nuaerous  charts  of  various  forms  in  previous  reports 
of  this  pro^t,  Socae  of  these  data  have  been  replotted  In  otheif  forms  and 
a  coajarlsoa  ituly  is  being  conducted  to  deteralne  the  optima  form,  or 
foras,  for  the  presentation  of  these  dsta. 

Further  studies  of  the  effect*  of  rise  time  of  the  trl.vif.ular  force 
pulse  have  been  node.  Theoe  8t\idlt»  have  s  tvo-fold  ob^ctlvs  In  that  the  . 
best  possible  dsta  presentation  fora  I*  being  s>3Ught  and  strthods  of  replac¬ 
ing  the  dela^'vd  rise  force  jula*  vlth  an  Inltlrd  peak  pulre  vhlch  causes 
the  e^ivnlest  snount  of  diusogs  are  also  being  studied. 

The  dynoaic  responses  of  wsltlct-sry  stracture*  have  been  stvidled 
sod  prellslnury  results  are  gisma  In  this  rtpv>rt.  These  V.sa  are  presented 
la  charts  vhere^rs  are  shovn  the  relrtloosMps  vhlch  exist  «%ong  the  nuiserous 
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parsaseters  involved 


A  detailed  atudjr  of  the  natural  ftequenelea  of  nulti-tiory,  aultl* 
hay  fraaea  vaa  conducted  ualng  the  ILLIAC  to  obtain  nunerleal  solutlona, 
F^ron  these  data  an  empirical  fonaula  for  the  calculation  of  natural 
ipienclea  has  been  dereloped*  This  study  la  described  la  the  Appenoix  t6 
this  report*  Using  either  the  charts  or  formull  given  there,  the  natural 
frequency  of  any  of  a  multitude  of  multi-story  structures  may  be  easily 
obtained* 
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SIMPLE  STPUCnjRAL  SYSTIKS 


31ngl«-Degre<«of"PreedoB  Syatea 

If  •  structure  is  sutjeeted  to  aa  lapaet  or  a  force  pulse  uhlch 
Is  a  function  of  tlne^  It  vlll  reanand  In  varloas  modes  or  conflgorations. 
These  modes  nay  rary  not  only  tor  different  structures  hut  also  for  differ¬ 
ent  types  of  force  pulses  aetln^  on  the  seme  structure*  In  the  simplest 
ease  the  structure  responds  in  one  node  or  predonlnatel^  in  one  mode  so 
that  the  configuration  at  any  time  is  defined  by  the  displacement  of  one 
point  on  the  structure.  This  slapls  structure  lends  itself  to  conputatien 
of  response  due  to  dynamic  loads  (tuite  readily  and,  thus,  has  been  used  for 
the  effRcts<K>f-pareaeter-varlatlon  studies  of  this  project*  Although  this 
analysis  is  exact  only  for  a  model  haring  a  rigid  mus  supported  by  a  veight- 
less  spring,  it  has  proven  to  be  loite  applicable  in  the  ease  of  more  com¬ 
plicated  structures*  This  is  due  primarily  to  the  fact  that  all  strueturea 
tend  to  respond  in  one  mode  or  configuration* ,  In  general  the  accuracy 
depends  unon  the  care  tehen  in  choosing  the  parsmeters  for  the  replacement 
systca.  This  model  ia  shovn  in  fig*  1< 

ashing  such  a  replacement,  the  deflection  of  the  aaas  ia  usually 
proportional  to  the  dlsplaceoent  of  some  point  on  the  struecure,  for  example 
the  top  of  o>^  of  the  columns  of  a  one-story  building*  The  mass,  or  an  eqyil- 
vulect  mass,  is  assuaed  to  be  concentrated  at  this  point.  The  dyraolc  forces 
^hlch  act  on  tnia  particular  point  are  related  to  the  net  force  on  the  actual 
structure.  The  period  of  the  slngle-degree-of-freeioa  soiel  Is  related  to 
the  first  slope  of  the  replacement  resistance  INinetion  and  thus  may  or  may 
not  be  cipial  to  the  period  of  toe  actual  structure*  Almost  any  utrueture 
may  be  replacel  by  this  model;  hovever,  the  accuracy  of  any  analysis  depends 
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on  the  coaploxlty  of  the  actual  structure  and  the  care  used  In  choosing  the 


corresponding  nodel  pa.«uieters. 


'((hen  the  -actual  structure  is  of  me  story  and  has  an  essentially 


rigid  roof  maas  and  light  coluans^  then  this  nethsd  produces  very  relinhle 


results* 
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The  studies  conducted  on  thia  project  are  pri&arlXy  concerned  vlth 


the  dyncnlc  chirecterlatlcc  of. the  aodel  vhtch^  stated  above,  are,  to  a 


large  degree,  directly  related  to  the  general  behavior  of  actual  structures.  .  ^‘rr~r~^T'.-i-“^^--: - ^r-.  ; . 


Psraaetars 


Ihe  paraaetera  eonsilered  have  been  iwled  in  such  a  manner  that, 


vlthin  practical  limits,  the  response  of  any  structure  to  any  foi-ee  pulse 


could  be  predicted.  Exact  «naly:ei  of  particular  structures  were  not  con¬ 


sidered  although  programs  vere  developed  for  use  on  the  ILLIAT  by  vhich  the 


response  of  a  structure  ha'dng  any  resistance  function  subjected  to  any  load¬ 


ing  pulse  can  be  computed.  Ravever  these  sane  prograns  vere  used  In  the 


analyics  uf  the  Idealised  j:'ste:s  fron  which  Ute  data  presented  in  the  charts 


of  this  project  were  obtained.  The  general  type  of  resistance  used  in  the 


reriponse  studies  is  shoun  in  Fig.  2a. 


The  resistance  function  usel  vas  coonoaei  of  a  linear  portion  for 


• _ •  •  • 


dl5pl3ccr-.‘ntj  less  than  the  yield  ii  splnce^ent  end  a  -jcsc-nl  line  or  portion 


for  dl^pliccacnta  greater  than  the  yield  lliplaceacnt  as  shown  In  Pig.  2a. 


The  resistance  function  vhloh  decays  beyond  yield  is  soaetlmes  colled  an 


unstalle  resistance  functloa  since  tha  stpseture  v'll  collapse  for  any  load 


at  j-.'c  a  certain  critical  load. 


If,  after  yielding,  the  loo-l  Is  gralually  rccsovei,  the  u:aoa:Ung 


reststanca  curve  Is  asiu-^ji  to  be  parallel  to  the  Irltlal  elastic  portion. 
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?ar  «xai^e,  a  stractor*  Is  loaded  sueh  that  It  reaches  a  ■axisaa  dis- 
placeaent  ot  four  tlses  the  yield  dtsplaeeDent,  and  the  load  is  then 
decreased  ttstil  the  deflection  is  redicel  to  the  yield  dlsplacessent  before 
'belag  Increased  s^aln^  the  resistance  of  the  aadtl  votld  be  defined  as 
.  sbovi  by  lines  one  throu^  six  of  Pis*  2b.  The  resistance  increases  lin* 
early  nntil  yielding  (1);  then  contlnnes  ^  increase  (it  a  sLower  rata  due 
to  vork  hardening  (2)  until  the  load  xs  reduced.  As  the  lead  is  decreased, 
the  atr;c:ure  unloads  elastically  (3)  xox-il  it  yields  In  the  opposite  dir¬ 
ection.  "degatlve"  yielding,  as  defined  by  (t),  continues  until  the  redttc- 
tioa  la  load  is  stopped.  If  the  load  is  then  increased  gradually,  the 
resistance  function  increases  linearly  parallel  to  the  initial  elastic  por¬ 
tion  ( 5)  until  it  intersects  the  posltlre  vork  hardening  cune,  along  which 
it  contimes  ($)  vlth  increasing  load. 

The  paraoeters  used,  in  all  of  the  studies  hsee  been  redu»i  to 
dl=>e-»ii3nle33  fota  so  that  the  application  to  any  specific  prcbleai  aay,  be 
easily  acc.tcplished.  Tbe  noneoclature  is  llstci  and  deflncl  on  page  I?  of 
this  report. 


SI aft  Paraaeters 

The  orerpre;s-xre-tlrw  function  Is  generally  ieftned  as  an  exponen¬ 
tial  eiur.-e  vhdeb  Aeeaj-s  f?oo  an  initial  peak  talus.  The  force  which  such  a 
pclae  produces  on  an  actual  structure  ^y  vary  errf.tlcally  vlth  tlxe  de- 
petdiag  cn  the  shape  aai  strenhrth  characteristics  of  the  ccesponecti  of  the 
;  strccture.  a  trian?ilnr  force  pulse  vas  selccte-i  for  the  studies 

^  auUe  OR  this  project  since  it  approxinates  ^ilte  wtll  the  loading  for  a 

great  nary  structures  and  is  also  cucparatltely  easy  to  use  la  analyses  of 
r  the  alnple  replacnncat  systens.  To  these  triangular  force  pulaes  have  been 
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added  concentrated  iKpulses,  thereby  making  the  studies  aore  general.  Tvs' 
of  ths  fbrca  functions  vhleh.  hare  been  studied  are  shorn  in  Tig.  An 
Initially  peaked  triangular  force  pulse  vlth  a  concentrated  Initial  Impulse 
la  shorn  In  Tig.  3e*  The  response  to  this  type  of  load  function  of  struc¬ 
tures  having  a  vide  variety  of  bilinear  resistances  has  been  studied  exten¬ 
sively  on  this  project,  k  delayed  rise  triaogilar  force  pulse  either  vlth 
or  vlthout  tvo  equal  concentrated  Impulses  is  depicted  In  Tig.  ^b.  The  tvo 
Impulses  vere  appiUed  Initially  and  at  the  time  of  maximum  pulse  as  shovn. 
Force  functions  having  mors  than  tvo  concentrated  Impulset  vere  not  con¬ 
sidered  even  tbou^  a  study  of  such  functions  vould  be  of  consj^derable  aca¬ 
demic  Interest.  The  use  of  a  larger  number  of  Impulses  vculd  have  increased 
the  complexity  of  data  presentation  tremendously.  IVirthensore,  from  a  prac¬ 
tical  point  of  vlcv,  the  vast  majority  of  actual  load  functions  can  be  approx* 
imated  adequately  by  the  use  of  only  one  or  two  impulse  concentrations  In 
nddltion  to  a  triangular  force  pulse  of  finite  duration. 

Equation  cf  Motion 

The  eqjiatian  of  aoxlon  for  the  slngle-degree-of-freedom  system  Is 
derived  using  Sevtoa's  lav  vhleh  states  that  the  product  of  the  mass  of  a 
body  and  its'  acceleration  is  alvayo  equal  to  the  unbalanced  force  acting 
on  the  bodj',  i.e.,  the  difference  between  the  load  and  reolsteate.  This  law 
la  expressed  in  Eq'oatloa  (1). 

MS  ♦  q(x)  -  p{t)  (1) 

where  H  Is  the  mass  of  the  system,  *i  la  the  second  derive  •.•ve  of  the  dls- 
placeocnt  with  respect  to  time  (acceleration),  q(x)  Is  the  resistance  of 
the  structure  as  a  furctlon  of  displacement,  and  p(t)  is  the  appllei  force 
as  a  function  of  time.  The  solution  of  the  above  equation  for  response  (x) 
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as  :  ftaetlon  of  tlae  ban  be«a  coded  for  the  ZIXIAC  vtslas  a  issserleal  late* 


gratloa  procedore*  The  proccdsre  baa  beea  dlscassed  in  detail  la  ptcTloas 


reports  of  this  project. 


Ibe  effect  of  lagiialse  is  coasidered  hx  Instsntaaeous  cbaages  la 


velocities  at  the  tlx  of  tbe  iapolse,  i.e.,  id  >  at  t^. 


MaTinn  Kesronse  Charts 


Hsr  aoat  of  the  stoUes  of  response  cf  slaple  syztexi  to  the  vari¬ 


ous  force  poise  types,  the  reenlts  have  beea  presented  la  the  fora  of  charts. 


In  every  esse  the  foirs  cf  tbs  charts  vere  chosen  vhlch  voold  portray  beat 


the  effects  of  the  paraaeters  being  studied  at  that  tiae.  nms,  varloos 


fora*  have  appeared  in  the  prevlfais  reports  of  this  project.  Ihese  fonu 


have  beea  revleved  in  an  effort  to  find  a  aore  coz^lensed,  yet  »ore  aaefttl 


fora  tr  the  presentation  of  all  of  the  data  coapoted  during  these  response 


studies.  As  a  result,  staple  sets  of  other  possible  chart  foras  have  beea 


developel  for  the  presentstloo  of  these  date. 


These  new  charts  are  jcesented  in  figs,  t  and  5.  The  reoistaaee 


considered  is  elasto-plarttc,  the  second  slope  of  the  bilinear  .’.eslstance 


function  being  tero.  This  soiel  vaa  subjected  to  an  initial  peak  triangu¬ 


lar  force  pulse  vlth  an  Initial  In^ils*.  ihe  sVrij'  vas  coaiucted  using  a 


diaenslonless  fora  for  the  piraaeters.  The  peak  force  is  expressed  la 


terns  of  tie  yield  resistance,  the  response  In  terns  of  yield  dlsplaceasnt. 


the  pnlJr  duntioa  In  terns  sf  the  natural  period  of  the  systea,  aai  the 


tapulsr  la  tens  of  the  psroicrt  of  the  yield  resl,»taace  and  the  pcriol. 


The  charts  shovn  in  Tigs,  to,  b,  «v  aai  1  are  for  cccstaat  values 


of  response,  u  ■  •  2,  5,  liV  30  respertively.  The  peal  fsree 

resjolrel  to  obtain  the  glv--  respwase  is  plotteJ  as  a  fUnctira  of  the  pulse 
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luratloQ  tar  liites  of  constant  tipolse.  The  pressure-duration  for  any 
value  of  lapulse  nay  be  obtained  fpilte  accurately  by  linear  Interpolation 
betueen  Lapulse  lines  on  a  particular  chart.  Interpolation  for  values  of 
response  between  those  for  which  charts  are  plotted  la  not  satis¬ 
factory  in  asny  eases  since  the  variauions  are  not  linear.  For  a  given 
impulse  and  duration^  the  piessure  necessary  to  cause  a  displacement  of 
three  times  the  yield  will  be  less  than  the  corresponding  pressure  required 
for  u  ■  5  be  greater  than  the  value  for  u  •  2,  but^  without  com- . 

putatlon,  tt  is  impossible  to  state  Its  exact  value.  The  load  levels  for 
u  «  2  aid  u  a  5  may  differ  by  200  per  cent  or  more  In  some  eases.  These 
charts  offer  one  of  the  most  accurate  and  useful  methods  of  depicting  the 
effects  of  impulse. 

The  s&ae  data  are  plotted  In  a  different  form  in  Figs.  5a^  b,  e,  d, 
e,  and  f.  In  this  set,  the  relationship  between  peai  pressure  and  maxl- 
Busi  response  la  depicted  for  lines  of  constant  impulse  and  charts  of  con¬ 
stant  pulse  duration.  In  Fig.  t  It  can  be  seen  that  the  curves  are  very 
smooth  and  alaost  linear  over  large  ranges  of  pulse  duration.  Consequently, 

It  -was  possible  to  present  oulte  dccurately  theae  same  data  In  a  conparatlvely 
few  charts  of  the  fora  of  Fig.  5  by  a  Judicious  choice  of  p^ilae  durations. 

For  any  given  values  of  response.  Impulse,  :md  duration,  the  p)ea](  pressure 
nay  be  obtsinei  by  linear  interpolatlou  and  the  result  obtained  should  be 
correct  within  engineering  accuracy  althourn  this  accuracy  Is  limited  to  the 
analysis  and  does  not  IncXuie  errors  Incurred  in  computing  the  replacement 
force  pulse  esr  the  replacement  resistance  function. 

On  the  charts  describel  above,  the  tine  of  aaxlaum  reiponse  is 
not  shown  but  could  be  added.  The  time  of  maximum  response  la  not  directly 
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applicable  to  respocae  studies  bat  la  c) cosing  replaceaent  force  pulses, 
this  factor  os;  be  Ixportant,  alnce  as;  forces  acting  after  aaxlaua  response 
has  been  attained  do  not  affect  the  dosage  pressure  level. 

The  above  stt^es  do  not  consider  the  e.ffect  of  delated  rise  of 
the  force  pulse  on  the  response  of  a  stractnre.  In  charts  6a«d  and  7^*^  the 
effects  of  rise  tine  are  shpvn.  The  resistance  Is  elasto-plastlc  aai  the 
force  pulse  Is  shown  In  Pig.  Jb.  la  the  final  report  fbr  July  195'^,  charts 
for  the  response  of  a  delayed  rise  trisEgalar  force  pulse  with  two  iopulses 
vere  shown  fOr  specific  rise  tines  of  0  and  0.5  tines  the  period.  The 
charts  for  response  considering  rise  tines  of  1.0,  1.5,  and  2.0  tines  the 
period  of  the  systea  wore  presented  In  the  interim  report  of  1  J  v»y  1556. 
Interpolation  between  specific  rise  tiaes  has  proven  to  be  unreliable  using 
rise  tine  as  a  principal  variable.  This  was  prssented  In  the  1  July  1956 
Pinal  Report  of  this  project.  The  study  of  rise  time  versus  response  deaon- 
strated  that  for  a  given  peak  pressure  and  duration  the  response  varied  by 
as  ouch  as  2000  per  cent  as  the  rise  tine  varied  free  aero  to  a  value  eqpal 
the  period  of  the  simple  system.  The  study  also  showed  tha*  a  slight  change 
in  peak  pressure  could  cause  similar  changes  in  the  response.  In  order  to 
denonstrute  clearly  this  latter  pher.ceenon,  charts  for  peak  pressure  versus 
rise  tine  foi'  specific  values  of  response  (u  ■  x 5,  10,  JO)  were 
developed  and  tbebe  rw suits  are  presente-i  la  Pigs.  6  and  7  of  this  report. 

The  most  lajortant  result  of  thcie  studies,  as  shown  In  these 
charts.  Is  that  the  peak  pressure  necessary  to  produce  a  specific  response 
Is  almost  Indepervlent  of  rise  tlac.  If  the  rise  tine  Ir  less  than  one 
third  of  the  total  duration  and  If  no  ixpulsea  are  coaslde'^,  then  the 
peak  pressure  re<iulre.t  to  produce  a  specifiei  response  does  a>t  vary 
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appreclaMy  wiUi  rise  tijne.  If  the  effects  of  lapulses  are  considered, 
then  the  ahjTe  Is  not  valid  os  indicated  la  Charts  ?a  aod  7h,  In  vhich  tvo 
eq^ial  lEisilses  ware  considered*  These  studies  of  delcj^l  il«o  *0*0*  pulses 
thus  Isdicste  that  slight  variations  In  rise  tia«  or  peak  pressure  have  a 
considerable  effect  on  response  values  vfaen  the  pulse  duration  Is  long  coa- 
pared  to  the  natviral  period.  That  Is,  the  response  parameter  is  very 
unstshle  and  osy  change  frca  yield  to  collapse  for  a  variation  in  the  peak 
pressure  of  only  10  per  cent  or  for  a  variation  in  rise  tine  fron  tero  to 
one  tines  the  natural  period* 
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General 

The  response  of  laultl-atory  hulldlnga  to  blast-type  loading  is 
very  complex  since  the  structures  do  not  behave^  In  general,  as  single- 
degree-of-AreedoA  systems.  The  replacement  of  such  a  structure  by  a  simple 
system  Is  possible  but  the  remiltlng  predictions  of  damage  pressure  level 
are  not  as  accurate  as  predictions  for  a  single-story  structure.  K  more 
accurate  replacement  stodel  for  the  multi-story  structure  has  been  developed 
and  the  response  eharacteristlea  of  this  model  subjected  to  dynamic  loads 
are  being  studied.  The  objective  of  these  studies  is  the  development  of 
simple  rules  end  cherts  for  predicting  damage  pressure  levels. 
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Shear-Beam  Raplaceaent  System 

The  initial  studies  of  multi-story  structural  response  vere  cal- 
oilated  ao^ualcg  that  the  masses  vere  concentrated  at  the  floor  levels.  The 
structure  vsa  thus  reduced  to  on  "a"  degree -of- freedom  system  vhere  "n* 
represents  the  number  of  utorles.  The  column  shears  vere- assumed  to  be 
directly  proportional  to  the  relative  dlsplaceoeats  betveen  stories.  All 
the  coluons  in  a  given  story  vere  assumed  to  yield  at  the  same  relative 
displacement  and  thus  the  resistamce  of  ell  the  col'm'v  in  a  given  story 
vas  replaced  by  a  single  shear  ep;lag.  This  ossuses  that  the  girlers  end 
floor  together  are  infinitely  stiff.  Using  this  analogy,  a  code  vaj  pre- 
jArei  Ibr  eoniputatloa  of  the  dyrtisatc  response  using  the  ILLIAC. 

Charts  fbr  the  respoase  of  a  three-story  building  subjected  to 


y. 
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Initially  peaXed  trlongolar  force  pulses  vere  prepare!  and  these  results 
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VBP#  presents  in  the  1  JUly  1955  final  report.  Iheae  analyses  were  utd» 
nslns  the  sbear-hnaa.  xcplancaent  system  Just^  described. 


A  study  of  the  effect  of  flexible  girders  on  the  response  eon^. 
figurations  of  a  multi-story  structure  subjected  to  initially  peaked  tri¬ 
angular  fbrce  pulses  has  been  conducted  and  the  preliminary  results  of 
this  study  are  presented  in  this  report. 

Beplaceaent  System  for  Multt-atory  Building  with  Flexible  Glrdera 

The  replacement  syoten  shown  In  ?ig.  8  vas  need  for  the  analyrlt 
of  a  multi-story  frame  structure  with  flexible  girderc.  The  effects  of 
Joint-rotation  and  plastic  hinges  are  accounted  for  in  the  analysis.  The 
masses  are  concentrated  at  the  floor  levels.  Ro  consideration  vas  given 
to  the  effect  on  Isterol  deflections  of  axial  changes  in  length  of  the 
eolwsns  and  girders  under  stress.  Although  the  lUJAC  code  used  will  per¬ 
mit  sccount  to  be  taken  of  the  column  and  girder  mnaent  changes  which  rerult 
froa  the  changes  in  dead  load  eccentricity  during  the  response  of  the  stnie- 
ture,  these  effects  were  also  neglected. 

The  Joints  of  thj  frame  ore  allowed  to  rotate  by  means  of  a  aooeat 
distribution  proc-jiure.  Each  meaber  of  the  beat  is  assumed  to  deform  elas¬ 
tically  until  the  moment  at  one  or  both  ends  exceeds  the  yield  oooeat.  Vhen 
the  yield  rwneat  Is  reached,  a  constant  mooent  hinge  lo  conaliere<*  to  have 
formed  at  that  end  of  the  member.  This  hinge  remains  as  long  as  the  relative 
rotation  at  the  enl  of  the  mvaber  ir.cx-eascs.  When  the  direction  of  relative 
rotation  at  the  cad  Is  rrvei*;ed  then  the  hinge  la  removed  and  complete  elas¬ 
tic  contlnnlty  Is  restored  except  that  a  ktnk  due  to  the  previous  plastic 
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action  recaina  at  tht  point  of  tha  hlnse.  The  nethod  of  analysis  was  des« 
crlbed  In  the  Interln  Report  1  January  of  the  pro^ci  and  is  similar 

to  the  procedure  used  for  slngla-degree-of-freedora  systems. 

parameters 

The  applied  forc«'  was  an  Initially  peaked  trlansular  force  jstlse 
as  shown  in  Fig.  8  which  was  assumed  V>  act  uniformly  over  the  structure. 
Tor  simplicity  of  analysis  this  <inifom  load  was  replaced  hy  eq]ulvalent 
concentrated  loads  at  the  floor  levels.  The  load  concentration  for  the  top 
story  was  only  half  as  large  as  those  which  were  assumed  to  act  at  each  of 
the  other  floors.  The  duration  of  each  of  these  concentrated  force  pulses 
was  assumed  to  be  the  same.  The  force  function'.:  '.^re  the  sane  as  those 
used  In  the  shear-beam  response  studies. 

The  columns  of  the  frame  were  chosen  met  that  their  cvjmblned 
stiffness  (assuming  no  end  rotation)  would  agree  exactly  with  the  stiffness 
used  In  the  shear-beam  study.  The  stlffnessaa  of  the  several  stories  were, 
from  top  to  bottom,  Uh,  13^,  and  ilKi  hips  per  Inch,  respectively.  This  is 
clearly  a  1-3-5  variation.  Since  the  girders  were  flexible,  the  actual 
stlffae.ss  at  ony  story  icpjnded  not  only  on  the  column  stiffnesses  but  also 
on  girder  stiffnesses  col  the  displacements  of  the  other  floors.  Girder 
stiffnesses  of  2,  U  and  10  tines  the  first  story  column  stiffnesses  were 
otudle-1;  although,  for  each  structure,  all  girders  were  Identical.  Since 
In  these  studies,  none  of  the  girders  yielded,  the  lnve:tlgatlc',  was  coa- 
tinued  using  more  flexible  glnicrs.  Inese  iurth»r  studicc  are  not  yet  com¬ 
plete. 

The  fundamental  periods  of  the  replacement  systtns  for  relative 
girder  stiffnesses  of  2,  t,  and  10  were  found  to  be  l.lOO,  1.027  and  0.973 
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sec.  respectively.  Tor  the  shear  bean,  l.e.,  infinite  girder  stlffhesS) 
the  period  was  0*9^  sec*  These  periods  vere  calculated  using  a  oass  of 
860  Ih  sec  /In.  each  for  the  lover  tvo  stories  and  a  mass  of  ii>)0  Ih  sec  /la. 
for  the  top  story.  To  obtain  these  oasses^  a  tyi>ic3l  structure  vas  actually 
designed  and  its  masses  vere  comiuted. 

Results 

The  results  of  this  study  are  shovn  in  Fig.  9a,  9^^  etc.  The  charts 
are  plotted  for  peoJt  pressure  versus  relative  response.  The  peak  pres¬ 
sure  is  expressed  in  kips  vlth  the  relative  response  of  each  story  ex¬ 
pressed  in  inches.  Tix  yield  displacement  la  one  Inch  for  the  shear-beam 
structure  but  cannot  be  defined  easily  for  the  structures  vlth  flexible 
girders  beceuso  the  momenta  depend  on  the  configuration  of  the  entire  struc¬ 
ture  and  ore  not  defined  by  the  relative  displacement  of  one  story.  In 
general,  yield  at  the  ends  of  the  members  in  the  flexible  girder  studies 
did  oc«ir  at  a  relative  story  displacement  of  approximately  one  inch.  The 
dls'placeaents  for  the  smaller  force  pulse  values  ore  shown  on  an  enlarged 
scale  in  t  Idltloa  to  the  regular  scale.  The  displacement  versus  peak  force 
is  plotted  for  constant  values  of  girder  stiffness  of  8,  U,  10  and  •  tines 
the  stiffhep.s  of  the  lovei  column.  The  pulse  duration  is  constant  for  each 
chart,  these  durations  bclag  0.1,  0.5,  l.O,  5.0  sec.  and  infinite  for  Figs. 
9a  through  9®,  respectlreiy. 

These  charts  demonstrate  (julte  clearly  the  relative  unimportance 
of  girder  flexibilities  on  the  response  of  the  structures  for  the  range  of 
parameters  shown  la  the  charts. 
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Ratuxal  yregaency 

The  aatoral  period  of  a  slngle-degree-of-fteedcn  system  or-  tbe  Bstural 
periods  of  a  ■iiltl*degree-of-freedca  systcr  are  Important  in  t)ie  study  of 
dynamic  response  since  the  duration  ox*  the  foxce  pulses  rxtln^  on  a  structure 
are  measured  in  tervs  of  the  natxxral  period  ox*  pexlods*  The  calculation  of 
the-  natural  period  or  Its  xecipxxjcal,  the  frequency,  for  a  slcgle*deE7ee*of- 
freedem  system  Is  stral^tfoxvard  hut  tha  calculation  of  fr’xqjiencies  for  a 
multl'Story  shear-hesm  structxxre  involves  an  eigen  value  problem  vhich  Is 
usually  solved  by  a  numerical  trial  and  error  process*  The  problem  Is  fur> 
thcr  complicated  xdxen  flexible  {{Irders.  are  considered* 

A  code  for  calculation  of  natural  frequencies  has  been  developed  for 
use  on  the  ILXJAC  and  a  study  of  the  frequencies  of  BUltl»story  frames  vas 
conducted*  This  study  and  the  results  obtained  therein  ax%  pt^seated  In  the 
Appendix  to  this  report* 
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tbe  ocaenclature  used  in  the  sain  text  of  this  report  is  sumurised 
telov.  All  nooenclsture  used  In  tbe  Appenilx  in  the  discussion  of  the  shei 
hem  staiy  is  susmrlted  at  the  end  of  the  Appendix* 


Dimensional  ^lantity 

Analogous 

Diaenslonies 

Quantity 

X  «  dlsplaceaent  of  mass  of  sln^-de^ree-of 

VXy 

freedooi  systes. 

q(x)  ■  resistance  of  spring  to  displacesKat  x. 

l(x)/<Jy 

•  "yield"  dlsplaceaent  of  spring  at  the  point 

\ibere  the  resistance  lUnction  changes  slope* 

^  ■  "yield"  resistance  of  the  spring  st  the  point 

•saaw 

vbere  the  resistance  ftxncticn  changes  slope* 

•  initial,  elastic  slope  of  resistance  function. 

mmm 

V  •  ‘iV- 

kg  ■  second,  inelastic  slope  of  resistance  function. 

x^  »  naxinun  disylacenent  of  mass. 

t  •  tine* 

t/T 

m  •  vl:-i  tntera'il  used  for  inr'er.cal  Integratloa. 

dt/T 

p't}  s  pr-isure  at  tins  t. 

F(t)/-ly 

t,  •  Vital  dsiratlco  of  aypliei  force. 

tj^  *  rise  tine  cf  appllol  force. 

t^/T 

p^  •  peak  force;  daiigc  presiure  ieeel;  critical 

pVV 

res  rare  lerel 


kaalogpQM 

Dlaen>lgal«ts 

aiaatity 


X,  «  lapolaet  for  applied  fbreta* 

M  ••  aagoltuda  of  ■»«« 

X  ■  velocity  of  aasa- 

•  chaaga  in  velocity  -due  to  ii^ulae  X^^  at 
tlae  t^.  m  for  t  «  t^. 

S  •  acceleration  of  aasia* 

T  ••  period  of  vitratlca  for  sbmH  deflectloaa. 

T  -  2*  (M/kj)^*. 

•  the  stifftaasa  (^}  of  tie  of  the 

three-atory  fTaac. 

••  the  3tlffB«3j  (-J-)  of  the  lover  itory  eoltan 
of  the  three-story  ftraae. 
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l^ak  IVessure  of  Initial  Faak  Triangular  Force  for  Glren  Maxi.iua 
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Peak  Pres  -ure  of  DcJa)*e4  Pd.se  TrlaaoUlor  Force  Pulse  for  liven 
Xtuclnua  Response 
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INDEX  TO  riCUBiS  (Coatlnued) 


PeaX  Pressure  of  Delayed  Rise  Trlan^ar  force  Pulse  for  Glrea 
MaxlJBum  Response 

kg/k^  i/iyT  **-V*y 

0  0  10 

0  0  30 

Peak  Pressure  of  Oelay  Rise  IViangolar  Pbree  Ptlse  vlth  lapulse 
for  Given  Maxlam  Response 

kj/k^  l/«iyT  n  - 


Three-Story  fremc  Structure 

Maxlaum  Relative  Response  of  •fhree-Story  P^amo  to  Initial  Peak 
TrlnnKular  Force  Pulse  versus 
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H.yieam  Bedpoose  to  Initial 


^  Peak  Preasurc 


of  a-luycd  Blac  TrlAagviUr  fcrce  Pulse 


71^«  -6c  Peai  Pr«««ur«  of  Efela/«d  SIm  7rl»ag.dAX  Tsree 
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ri£.  7k  1‘e^  Preasure  of  Rise  Trian^ax  fwTce  pulse  vlth  Sapulaea 

I7^.T  -  O.l  u  -  10.0  k  .  0.0 
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7t  Pe*lt  Preatur*  ot  Rlo«  TrLuviMUr  forct  IVloe  with 

l/Syt  ■  0*25  n  »•  10  k  •  0 


•*  •*  ••  V  *•  ■ 

•  o  •  •  ^ 


b*  Force  PuJne  on  Dveh  Story 


c.  Konent  cf  Tied,  of  Any 
}k£ber  Veraus  Rotation 


•  O  O-N*  %  ‘.W  ^ 

•o*oV  •V’oVV 

r- •  •.•  au*  S  ^ 
*  s*  **.•  -.%•.•  %’  •. 


yi«.  Q  'dree  Story  Fraae 
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1.  Object 


One  of  the  ptiseipsl  peraaeters  defining  the  dynealc  response  of 


a  aniltl-story,  nulti-hay  'bailiins  Is  the  ftodaaental  nati'xal  fr<*qaeney  of 


the  structure.  The  purpose  of  this  study  vas  to  develop  siiapl*,  rapid  aethols 


fbr  dctuTuInotion  of  this  fre^^Mney* 


2.  Scope 

The  baste  structurec  ecasidertd  vere  one  to  ten-story  fraaes  of 
any  nuaber  of  bays.  The  stlfibesa  ©•  the  girders  "uj  rarled  betveen  sero 
and  Infinity,  although  for  an.'  value  of  girder  stiffness  all  girders  vere 
considered  to  be  Identical,  Varlstloas  in  coluaa  stiffness  vere  eilso  con¬ 


sidered,  although  the  stiffnesses  of  all  the  coliwnj  la  any  one  story  vere 
the  sane.  Ihe  type  of  colnna  stiffness  variation  considered  was  a  linear 
Tsriatlon;  that  Is,  the  cclann  stiffness  vas  considered  to  vary  ftro*  story 
to  story  as  a  straight  line. 

Structures  vlth  two  extr«a  linear  variations  in  coluna  stiffness 
vere  studied  first,  then  tb*  results  wrre  exter^ied  to  Include  structures 
vlth  Intorwdiate  linear  Virlstlons.  The  first  type  studied  was  a  constant 
colun:»  stmcttire,  which  has,  of  coarse,  a  l.i'tor  variation  of  col  .*a  stiff- 
cess  of  sero  slope.  The  secoad  type  stuiUel  hsd  a  variation  in  relative 

colucsn  stiffness,  starting  fS'oa  the  top  story,  in  the  st^utneo  1,  2,  3 . 5, 

where  M  la  the  wuiber  of  stories. 
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The  paraowter^  •  «  has  been  introduced  to  desi^aate  different 

linear  variations  in  calumn  stiffhessi  ^re  H  is  the  mcsber  of  stories  azad 

er  er 

k  Is  defined  as  tb.s  ratio  of  (j^)  tor  the  lover  eolusm  to  (^}  fhr  the  top 
column,  vhexe  S,  I,  and  L  are  respectively  the  modulus  of  elasticity  of  the 
column  material,  the  aoeent  of  Inertia  of  the  eolitmn  .section  In  a  slvec 
story,  and  the  length  ot  the  column  per  story* 

The  effect  of  different  mass  distributions  vas  not  considered.  Ibr 
all  structxires  studied,  the  distributed  column  and  girder  masses  vere  eoneea« 
trated  aa  point  masses  at  the  lunetturea  of  the  columns  sod  the  girders*  The 
total  mass  at  each  floor  level  vas  considered  to  he  the  same  in  each  story. 

The  effect  of  rotation  of  column  bases  vas  not  studied*  All  struc* 
tures  studied  vere  considered  to  have  fixed  colxnin  bases* 
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METROO  OF  ARALY313 


3*  Ajsttrrttons 


follow; 


Sbe  sl;911fle«tloaa  and  assunptions  used  tn  this  aaslysls  ar«  as 


1.  The  osss  of  the  structure  Is  concentrated  a<  a  aeries  of  point 
assses  at  the  intersections  of  the  girders  and  coluans* 
t*  111  Joints  are  continuous/  except  id;en  specified  os  pinned* 

3*  I>!flectloas  are  saall  and  in  one  plane  onljr* 

1^.  All  aenbers  are  llnearljr  elas^c* 

5,  AH  aeahers  deforo  ly  bending  only,  the  effect  of  axial  dafOr> 
sstlon  being  neglected* 

6*  The  effect  of  Yerticol  loads  on  the  aotseats  in  the  eolunns  la 
Dcglected. 

J».  Vcthol  or  .iTAlTSiS 

Consider  a  struct'irsl  fraoe  'shlch  has  been  ideollsod  as  described 
la  the  rreceiiag  sectlan,  and  Is  vibrating  in  a  natural  aode  of  vibration 
such  that: 

/j  »  Aj  sin  (c*  *•  t),  (3  ■  X,  (1) 

th 

vfcer:?  y.  Is  or  the  J  atcry,  A.  Is  the  aa?lltude  of  rlbra- 

J  V 

tioa  of  the  story,  u  Is  the  natural  circular  frejacacy  la  radians  per 
oecjed,  t  Is  the  tine  in  seccads,  >  is  a  phase  ongle,  and  K  is  the  'luabcr 
cf  jt.'rics.  The  ej:.*.tlcas  of  notion  fOr  this  systea  ore; 

•  -  V^,  (J  .  1,2  ...  S)  (2> 

vbere  T  are  the  total  shearina  force*  frea  the  adjacent  coluais  aal  •  is 

V  4 

tie  totil  aois  »t  th-*  J^^  story  level.  Substituting  (l)  In  (2)  yields: 
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din  (ut  +  t)  -  V.  -  0,  (j  -  1,  8  ...  H)  O)  -VAnV;-;  ■  V.: -V-^’r v<V-^-' 
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Bsfon  th*"'  uquatlond  can  ta  solved,  the  shearing  forces  V.  oust  he  expres- 
Sed  la  te»  of  th  ^ 

ir  w»  f  -r  thj  given  structure  to  he  deflected  so  that  there  . 

Is  a  unit  translation  of  one  of  the  stories,  say  the  J  story,  with  scro  V^: 

S  '.'«V»  V-  <*••;'  JiT--'.**  ■ 

translation  of  all  other  stories,  then  the  holding  force  at  any  story,  *-‘'‘*^**'^*‘ 


is  the  negative  of  the  total  shear  acting  on  the  mass  of  the  1  story  due 
to  a  unit  translation  of  the  story,  for  any  translation  y^  of  the 
story,  the  shearing  force  rrodueed  is  This  applies  for  ni.y  cooihlna- 

tlon  of  1  and  J,  giving  the  total  shear  at  any  atory  for  a  given  deflection 
configuration  as: 

Substitution  of  (l)  Into  (4)  yields: 

The  efjuatlons  of  notion  can  now  he  written: 

-AjOjU^  slrt  (ut  >  t)  +  ^J2^2  *  *** 

(4  "  1,  2  ...  n)  (6) 

Dividing  out  slu  (wt  +  ♦)  gives: 

■  ®J2^2  "  '** 

(4  -  I,  2  ...  n)  (7) 

This  i..'t  of  equations  In  the  W  unknsown  A^,  Aj,  ...  A^^  will  have  solutions 
for  the  deteralnant  of  the  cfiuatlons  set  equ.U  to  tcro.  The  values  of 
satisfying  this  detenalmmtal  equation  are  the  circular  natural  frequcndea. 
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In  matrix  notation,  this  corresponds  to  the  solution  of  the  eqyia- 


j(3]  -  (m]  I  -  0 

vhere  [S]  Is  the  sy&saetrlcal  R  x  n  matrix  of  the  holding  forces  3^^  and  [a] 
Is  the  dla^nal  aatrix  of  the  nasses,  a^*  Ihe  matrix  [S]  has  been  eallal 
the  "stiflhesa  aatrix”  of  the  structure. 

This  prohlen  was  programed  for  solution  on  the  IILIAC,  the  digital 
computer  of  the  University  of  Illinois.  All  the  results  reported  in  this 
Api>endlx  were  obtained  with  this  progrsa. 
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SESUIiTS 


The  resulta  of  this  study  are  sugaiarlzed  In  FlgSi  Al,  A2f  A3  and 
AH.  In  these  grajihs  the  variation  of  the  re}atlYe  natural  frequency,  Cj^, 
versus  the  effective  eerier  stlffne?-  ^laraneter,  y>  has  heen  plotted.  The 
parameters  and  7  are  defined  as: 


^.1 


*1^0 


‘  1 


;  7 


N  +  1 


SM 


avg. 


2N 


•  M  ♦  1  ♦ 


vhere  t,  I,  and  L  are  respectively  the  modulus  of  elasticity  of  the  column, 
the  moment  of  inertia  of  the  column  section,  and  the  column  length  per  story; 


E  ,  I  ,  and  L  •rre  re3i)«<rtlvely  the  modulus  of  elasticity  of  the  girder,  the 

D  O  G 


moment  of  Inurtia  of  the  girder,  and  the  girder  lengt.h  per  bay;  Jf  is  the  num¬ 
ber  of  stories;  ami  M  Is  thi.  <vi.ii'pr  j1  boys,  first  nat'irol  fre¬ 


quency  of  the  struct’'»v.  xt  <:ycle3  per  second,  for  any  given  value  of  the 
effective  girder  stlfftoess  parameter  7. 


The  parameter  vaa  chosen  because  It  serves  to  i^uee  the  varia¬ 


tion  In  the  first  nat’U'jJ.  frequency  of  any  8truct>ire  to  the  sane  scale,  that 


w  ^  m 

Is,  to  a  variation  hctvron  zero  and  one.  The  eaxarlcal  factors  and 


2M 


2M 


ha‘/e  teen  US'*!  In  defining  the  girder  stiffness  parameter  because  they 
accurately  define  the  effect  of  additional  stories  ar.d/or  bays  on  the  nat’iral 
ftrequeneles  as  coc!ip‘'j:<d  to  ti  s Ingle -ctsiry,  ulngle-biy  structure. 

Figure  A1  ulwvj  versus  7  for  various  iilngle-bay,  uniform  column 
structures  (s  •  O);  Pig.  A2  chows  verj.us  7  tor  various  slngle-buy,  linearly 
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feL'***  * 


V,  •“  *•*.•'.  •*  V.V^ 

-n.-.v 

•  *.  *.*  ^  .> .% 
L.,..f . _ A _ ^ 


.V.-. 


varying  eolusn  strontures  (s  «  l.O);  Tig.  A}  abovs  vems  y  tar  Torlons 
tvo-boy  stractut«3^  soce  vlth  s  ■  0  and  scoe  with,  s  *  1^;  Tig*  A>t  shnn 
versus  7  tor  various  three-bay  structures,  scate  vlth  s  «  9  and  setae  vith 
s  ■  1.0*  All  of  these  curves  have  been  approxlasted  hy  tije  curve  of  ver- 
BUS  7  tor  a  oae-hay,  ••as'-tory  struertuxe.  The  equation  this  curve  is 
derived  as  foUovs:  POr  the  cae-stoty,  one-hay  strurtcre: 

^  /l  ♦  67  /-X 

Vrr^  <’> 

Then  since  yt—  ■  2  In  thla  case,  ve  aay  vrlte: 

U'o 

^■Vrffer 

Troa  thlo  It  fhUcvs  (since  y  ■«•■  -1  •  l)  that 
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u  •  - - 


♦  •  •  •  ■  "  *  *  "  •  ”  ♦ 
***»^i»  '  •'*  »•  e^*  a 


If  this  « question  la  used  to  approximate  the  fnairasntal  frequency 

7 

.  variation  of  any  str’icture,  ve  nay  solve  for  to  yield: 

I'o 

«  1  +  C,  (^4^  -1]  .  1  +  -13  -1)  (12) 


« I  +  1-,=^  -1]  .  1  +  -13  i-£j^  -*3  (^2) 

It  Is  nec^is.iry  In  the  ap,llcatlon  of  this  forcula  to  have  hoth 
fj^)^  and  f^)^  for  the  slven  structure.  Tods  lnfor:jition  is  presented  la 
figure*  A5  aal  AS,  anl  tables  A1  ami  A2.  In  ?lgurc  A5  is  siova  '.he  varla- 


va'-v^.-+* 


tlon  of 


vith  the  col»=ci  9tirf:»ss  parameter  t*  7i,p:re  A5  shovs 
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a^  ••  i  I 

M.-.br.V.:.-.  • -St 

IJt _ i _ 1 


*J^  I 


:'ff 
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,'  5^ 


thts  Tarlatioa  ef  -"■*- -  with  8«  All  •nduea  of  f,)*  and  f,)*  have  been 

.\8»o  lo  !*• 

r« 

eoaputed  iialng  tbs  awirage  stlffneaa  of  one  coluxtn.  Tablea  A1  and  'A2  eon* 
the  valuea  of  f,  )*  “  ®  and  f, )®  “  *  for  J.  <  »  <  10.  The  valuea  are 
enresaed  in  tezna  of  (EX}.„_  of  one  eolunn,  L  the  length  of  the  column 
In  one  story,  and  a  the  total  mass  at  any  one  atory. 

These  values  apply  to  the  one-hay  structure.  To  find  the  value 


teais'e: 


of  f,)®  "  ®  and  f,)*  “  ®  tor  aultl-hay  structures,  one  needs  only  to  aulti- 

A  O  A  *•  _ 

ply  the  value  troa  the  table  hy-']/^-^^  .  still  remains  as  the  aver¬ 

age  stiffness  of  one  eoluan,  1  remains  as  the  length  of  the  column  la  one 
atcry,  and  a  remains  the  total  aass  at  one  story  level.  With  this  Inforaa- 
ttoa  the  fundaaental  frequency  can  he  eaally  detcxained. 


•  ■*'*•*•*■  .  "V  •*  .  *'*•"»  ^a**.** 
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Consider  a  five-story,  three-hay  structure  vlth  s  •  1.0,  ••  2.78 


mZZm. 


^  ,  and  mass  a  at  each  story  level. 
7  -  2.78  |j  .  I  .  2.5 


. . — -w— y  3.75  ‘  0.-,. 

^  js  -  1.0 

yrca  Tis-re  A5»  "~'^Va —  *• 


rroB  f^ahle  Al,  f,  )*  **  **  »  0.026  y  — — onc-huy  structure.  For  our 
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proW«  tj)*  “  -  0.026  *  1.176 

Slollarljr  Area  flgiur«  A6  an&  taible  A2; 
s  >  1*0 
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(c)  "isi) 
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Froa  these  Telues: 


0.166  X  l.^k  •  O.J2T*||~^ 


-  1  ♦  0.855 

1  o 


6.576 


-/(ir 
.  0.2T1  1/  — 


W>] 

L  or-  6.576  X  0.04l»  U - |SS1  •  0.S80  I - 22i 

^  2*5  I  ,l5  I 

Th6  solution  to  tUlo  problem  as  obtained  on  tbe  lUZiC  Is  £,)  ^  « 

C  . .  *  7  •  «•> 

(e:). 


-SJ-  for  an  error  of  3*5lf» 


■L- 

The  errors  Incurred  by  the  epproxlxste  fonsola  vere  fees!  tai  eeseral 
to  be  less  than  20^1  for  y  >  0.25  for  structures  of  1  <  Jl  <  10,  1  <  -t  <  •»  sasl 
0  <  8  <  1. 

X'»..cnclature  ■ 

The  symbols  used  In  this  Appendix  are  defined  vbere  they  first 
apponr  In  the  text.  They  are  assessbled  here  for  convenient  refsreire. 

Aj  •»  Aaplltude  of  vibration  of  aaj»  at  story 
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■-•.■•'.v.v.:- 
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E  ■  Modulus  of  elasticity  of  eaterlal  of  coluaa 
K.  •  Modulus  of  elasticity  of  material  of  girder 
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t  5 


•  ? 


•  -  ^  « 

t  th 

o  "  a«  “a  "  ®  Mtaral  ftequency,  la  cycle*  per  leeoM 
I  -  Kxseat  of  li^rtla  of  colasa,  la  tache**^ 

Ig  -  K»eat  of  Inertia  of  glrfer,  la  laehe*^ 


k  - 


5 

L  txitton 

S 

Ii  top 


1  -  Length  of  coluaa  la  each  e*o*y,  aastaed  to  be  coaataat 
throughout  butlding 

Lg  *  length  of  girder  la  each  bay 
-  a  -  dotal  oaaa  at  story  level 
M  m  ifuaher  of  bays 
n  »  Order  of  ft^quency 
W  •  JAiBiber  of  stories 
k  -  1 


S  m 


U  -  z 


S„  .  fcuus  r»„  «  t“  .torr  du.  to  ,  „„it  tm..l.M, 

of  the  etoty 

-  doxAl  shear  acting  oa  aass  of  story 
»  Diaplaceaent  of  story 
t  a  dice  la  seconds 


r  “ 


avg. 


n  *  1 
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t  »  A’We  angle 
th 


M  1  *  '^^fi^ctlve  girder  stiffness 
poroaeter.  Effective  rati 
of  girder  stiffness  to  ave 
age  colusa  stiffness 


vfi 

-  u  natur:a  circular  fre  juency,  in  radians  per  second 
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